Large-scale analysis of biomolecular complexes reveals the functional network within the cell. Computational methods are required to extract the essential information from the available data. The POPSCOMP server is designed to calculate the interaction surface between all components of a given complex structure consisting of proteins, DNA or RNA molecules. The server returns matrices and graphs of surface area burial that can be used to automatically annotate components and residues that are involved in complex formation, to pinpoint conformational changes and to estimate molecular interaction energies. The analysis can be performed on a per-atom level or alternatively on a per-residue level for low-resolution structures. Here, we present an analysis of ribosomal structures in complex with various antibiotics to exemplify the potential and limitations of automated complex analysis. The POPSCOMP server is accessible at http://ibivu.cs. vu.nl/programs/popscompwww/.
INTRODUCTION
The current focus shift from the analysis of single biomolecules to systems of interacting components requires the development of tools to analyse a multitude of interactions. A key parameter in the interaction of biomolecules is the buried solvent-accessible surface area (SASA) upon complexation, which is readily calculated from the coordinates of a complex structure.
In the early seventies, Lee and Richards (1) defined the solvent-accessible surface as the area described by a probe of the diameter of a water molecule rolling over the protein surface. The calculation of the surface area can be achieved with many methods ranging from more accurate geometric and analytical formulations to discrete approximations, with accuracy being inversely proportional to computational efficiency (2) (3) (4) (5) (6) . For the analysis of large structural assemblies, a compromise between accuracy and efficiency is needed. Therefore, the SASA calculation chosen for POPSCOMP is a heuristic method that uses a simple analytical formula with a parameterization designed for biomolecules. The formula takes into account single atom areas corrected by multiple overlaps with neighbouring atoms. The details of the formula and the parameterization of the method are described in (7) .
Biomolecular interaction surfaces of specific complexes are usually highly complementary, functionally important and therefore well conserved. Analysis of interacting surfaces can help identifying functionally relevant residues in mutation studies or predict interaction sites of potential homologous complex partners. SASA has already been proven to be helpful in the analysis of large protein-protein and protein-nucleic acids complexes (8) . Moreover, buried SASA can be related with a change in solvation free energy, yielding an average of 12 and À60 cal/(mol s 2 ) for hydrophobic and hydrophilic surface in proteins, respectively (9) .
Ribosome structures are among the largest complexes resolved so far to atomic or residue resolution. The ribosome is the core of the protein biosynthesis machinery of the cell. In structural terms, it is an assembly of two subunits, the small 30S subunit and the large 50S subunit; the 30S subunit is composed of 16S RNA and $20 proteins, while the 50S subunit is composed of 23S RNA, 5S rRNA and $30 proteins. Ribosomes complexed with antibiotics have revealed insights into the transcription mechanism and its inhibition [reviewed in (10) ]. Here, we show the exemplary application of automated complex analysis by extending our previous work on single ribosome structures (11) to selected groups of ribosome structures complexed to various antibiotics.
IMPLEMENTATION
The POPSCOMP server is based on the POPS method, which evaluates the SASA of biomolecules using an analytical formula with parameters that have been optimized on a large set of diverse structures (7, 11) . The default method invokes a per-atom parameterization, but low-resolution structures are also tractable through per-residue parameters, where a sphere is centred on each C a (amino acid) or P (nucleotide) atom. The POPSCOMP server splits the specified complex structure into single components. Using the list of complex components, all combinations of pairwise complexes are created. The difference between the SASA of two individual components and the SASA of their pairwise complex yields the buried surface area:
The result is a triangular matrix of n(n À 1)/2 values of surface burial. Although computational time is in the order of minutes for standard size protein complexes, ribosome structures take several hours for completion on a standard server machine.
INPUT FORMAT
Protein structures in PDB format can be passed to the server either by specifying their PDB identifier or by uploading a local file. The server usually recognizes chain limits by using the 'TER' delimiter of the PDB format. However, in case the 'TER' delimiters are missing, a text window allows to enter user-specified chain limits as the number of the last atom of each chain. Complex components that are composed of heteroatoms can be included by typing their residue name into the 'HETATM' text window. The button for 'Coarse grained calculation' switches the calculation from the default per-atom analysis to a per-residue analysis, which should be used for low-resolution (C a and P atoms only) structures or for fast calculations on large systems. The button 'Output residue areas' activates the output of SASA per residue, which is the sum of the atomic SASAs for all-atom calculations or the residue SASAs for a coarse-grained calculation. The default output is the total SASA of complex components.
OUTPUT FORMAT
The POPSCOMP server returns the main output as text on the results page. This comprises the hydrophobic, hydrophilic and total SASA of the entire complex, each individual component and all pairwise component complexes ( Figure 1 ) as well as matrices of surface burial in all pairwise complexes (Figure 2 ). This information is also converted into a graphical output (Figure 3 ) that can be accessed through links on the results page. Additionally, links are provided to the raw output data of the run.
EXAMPLE ANALYSIS OF RIBOSOME STRUCTURES COMPLEXED WITH ANTIBIOTICS
More than 70 ribosome structures are currently deposited in the PDB structure database (12) . The structures selected for this analysis are given in Table 1 together with the source organism, the complexing antibiotics and the literature reference. The top group contains high-resolution 30S structures and the centre group comprises high-resolution 50S structures. The bottom group contains 50S structures with some low-resolution protein components that were removed before starting the calculations, to avoid mixing of per-atom and per-residue parameters. All three ribosome groups were analysed at per-atom level.
We focus here on two aspects: (i) the direct effects of the complexation with antibiotics and (ii) the overall structural variation between the unaffected parts of the ribosomes in each group, both of which are summarized in Table 2 .
SASA effects of antibiotics
Surface burial of antibiotics upon complexing the ribosome are given in columns 3 and 4 of Table 2 . Most antibiotics bury between 1/2 and 3/4 of their surface, either exclusively or predominantly in contact with the main RNA components of the ribosome: the 16S (30S subunit) and the 23S (50S subunit). POPSCOMP reports the (known) contacts to proteins (labelled 'S' and 'L') and mRNA. However, the important targets of the antibiotics in Table 2 are the ribosomal RNA sites at or around the catalytically active peptidyl transferase centre or the peptide exit tunnel. These sites are predominantly hydrophobic, matching the surface properties of the antibiotics. Accordingly, the ratio between hydrophobic and hydrophilic SASA contribution to the interaction is about 2/3 hydrophobic to 1/3 hydrophilic for the 30S complexes and 3/4 hydrophobic to 1/4 hydrophilic for the 50S complexes (data not shown). The original chain enumeration is reported for back-referencing to the PDB structure. Classification into hydrophilic/hydrophobic surface is defined in the atom parameterization, which is accessible through a link on the result page. 
Structural variation
The SASAs of the main component of the investigated ribosomes are given in the second column of Table 2 . These are taken as the 16S RNA in the 30S subunit and the 23S RNA in the 50S subunit, both molecule '1' in their respective PDB structures. The structural variation that can be expected in large biomolecules at atomic resolution is reflected in the SASA differences between structures 1HNW, 1HNX and 1HNY, which have the same atom composition. The standard deviation between their SASAs is $1%. The same holds for the 23S RNA of the second group in Table 2 . All structures from 1K73 to 1Q82 have the same composition and the standard variation of SASA is $2%.
CONCLUSION
Analysis of biomolecular complexes using the SASA decomposition presented here is a fast and accurate method to obtain information about molecular interactions. Even very large assemblies, such as the ribosome structures, reveal an astonishingly low level of variation of $1-2% when analysed in terms of SASA. On the other hand, many antibiotics complexing the ribosome bury $50% or more of their surface area. Taken together, these findings suggest that analysis of SASA is a reliable tool for structure analysis and they underline the applicability of automated complex analysis.
